INTRODUCTION
The GVWD is a wholesale drinking water supplier, providing water to approximately 2 million people in 18 municipalities in the Lower Mainland, British Columbia, Canada. The total land area of the system is over 2000 square kilometers, excluding the watersheds.
The water is collected from the rainwater and snowmelt that falls on the mountains of the Capilano, Seymour and Coquitlam watersheds, a 585 square kilometer area where access is strictly controlled in order to safeguard the quality and security of the supply. The water is held in six mountain storage lakes and distributed to communities through a network of dams, pumping stations, service reservoirs, and transmission mains, as shown in Figure 1 .
Figure 1. GVWD distribution system
The GVWD is a partnership of municipalities, and as such, the regional water system is in effect owned by the member municipalities. It is operated on a not-for-profit basis, with water delivered to all members at the same rate of 34.80 cents per 1,000 litres (2007 rate). The members, in turn, are responsible for distribution to consumers within their borders. The rate charged to consumers (residential, commercial, industrial, etc.) is determined by each municipality.
An overview of the GVWD and municipal water system is presented is presented in Table 1 . The GVWD has a long history of design and construction of steel pipelines. The existing GVWD water main pipe summary is shown in Table 2 . This summary confirms the GVWD preference to use steel pipe in its systems. Over the years, a wealth of practical design and construction experience has been developed. In the early 1960's, the original design engineering standard was established to provide a reference for GVWD pipeline designers. 
FILTRATION PROJECT COMPONENTS
Greater Vancouver's water system -which had its beginnings in the late 1880s as a single main from the Capilano River to downtown Vancouver -has grown to become a network of highly complex infrastructure.
An extensive program is currently underway to upgrade water supply and treatment facilities over the next decade to meet water quality standards and the needs of an expanding population. Waters from the Capilano and Seymour sources provide about 70% of the region's drinking water.
Filtration of the Seymour and Capilano water sources will provide significant benefits to the region. In addition to improving drinking water by removing microorganisms, organics, and silts and clays caused by heavy rainfall, filtration and UV primary disinfection reduces the amount of chlorine required to maintain water quality. Approx. 500 km
The Seymour-Capilano Filtration Project, which will filter up to 1,800 million litres of water per day from the Seymour and Capilano sources, includes the following facilities:
Seymour-Capilano Filtration Plant
The plant, with UV disinfection and clearwells (reservoirs), will be located in the Lower Seymour Conservation Reserve, a natural area south of the Seymour Falls Dam.
The facility will treat raw water through the processes of flocculation, direct filtration, UV primary disinfection, chlorine secondary disinfection and corrosion control. It is expected to be the largest filtration plant in Canada and the largest UV disinfection plant in North America until the planned New York City plant is operational in 2010.
Capilano Pumping Station
The 16,000 hp Capilano Pumping Station is located in the Capilano River Regional Park immediately below the Cleveland Dam and east of the Capilano River. The station will pump Capilano water to the filtration plant site through one of the tunnels.
Twin Tunnels
Twin Tunnels, each 7.2 km long and approximately 3.8 m in diameter, will be located approximately 130-640 m underground in bedrock and will convey water between the Seymour and Capilano sites. One tunnel will deliver raw water from the Capilano Reservoir via the pumping station to the filtration plant for treatment, and the second tunnel will convey the treated water by gravity from the plant back to the Capilano distribution area. The tunnels are being constructed by two tunnel boring machines and will pass beneath the slopes of Grouse Mountain and Mount Fromme.
The quality of the rock that the tunnels will be bored through is expected to be sound, such that only a portion (up to 2 km in each tunnel) is expected to require steel lining. The tunnels are being constructed from a single shaft on the Seymour end, with individual pipe risers connecting each of the tunnels to surface pipelines to either the filtration plant inlet or outlet of the clearwell. At the Capilano end, separate shafts will connect each tunnel to the surface piping that leads either from the pumping station or to the Energy Recovery Facility/Bread Head Tank.
Energy Recovery Facility/Break Head Tank
A 2 MW Energy Recovery Facility, to be located near the Capilano River Regional Park public parking lot, will convert excess water pressure from the return tunnel water into electrical energy for load displacement or re-introduction into the BC Hydro grid.
The break head tank, a turbine tail and pressure reducing valve water tank downstream, of the energy recovery facility, will maintain a constant (improved) pressure on the Capilano distribution system. Pipelines will connect the treated water tunnel to the energy recovery facility and break head tank, and then to the Capilano distribution piping.
STEEL PIPE -WELDING AND JOINT DESIGN
Since the early 1960s, design standards have evolved and it has become apparent that more conservative design is necessary for certain applications. For the majority of applications, the GVRD continues to tender for bell and spigot joints and completes installation through a double joint design with great success and a proven history. Butt joints are typically considered by the GVRD for those projects that have a high degree of importance/cost or are subject to extreme conditions such as marine crossings, inaccessible tunnels, and low strength soil conditions where a high degree of settlement may be expected, etc.
Issues associated with bell and spigot pipe joints fabricated prior to 1986 were first encountered at highly difficult and extreme conditions installations, specifically marine crossings. In 1986, the American Waterworks Association (AWWA) standard for steel pipe was upgraded to require bell transition radii that minimize inherent stresses. While the butt joint represents the best possible/practical joint for highly difficult water transmission applications such as river crossings, the changes associated with the AWWA standard in 1986 for bell and spigot joints has made this type of joint the most common in steel pipe installations and has a proven history.
The GVRD developed a construction method where pipe was assembled on shore and pulled through a trench dredged across the water course. All of the bell and spigot pipe joints were double welded (i.e., welded both on the inside and outside of the pipe). This double welded design was originally thought to produce a joint stronger than the pipe wall. However, ruptures at the curve in the bell during the installation and initial pressure testing of some river crossings constructed prior to 1986, indicated that the processes to manufacture the bells created additional stresses in this portion of pipe. This type of problem in part initiated the bell and spigot bell transition radii related changes to AWWA 200 and increased designers awareness and opportunity to switch to butt-welded pipe joints for most marine crossings. More recently, problems began to occur in soft soil areas of land based pipelines where significant settlements (i.e., settlements in the order of metres) resulting from construction activities of others caused failures at bell and spigot joints. Due to these problems, GVRD began re-considering the design criteria for pipe joints as well as the specified steel yield strength in these extreme conditions. Consideration of the capacity of bell and spigot joints was carried out through a number of initiatives during the mid to late 1990's. Initiatives included literature review, attendance at various conferences, discussion with other agencies, review of pipeline design codes and finite element modeling and physical testing. Revised general guidelines for the design of new facilities and upgrading of existing infrastructure are summarized in Table 3 . It is suggested that designers use these recommendations as a guideline for welded steel pipeline design. Users are to recognize that there will be situations where the recommended solutions will not be appropriate and professional judgment will be necessary to develop the design. 
SEISMIC DESIGN CRITERIA
The Greater Vancouver Regional District owns, operates and maintains the largescale systems for storing, treating, and supplying potable water and for collecting, conveying, and treating wastewater and as such, it provides an essential service.
These systems are expected to survive a moderate earthquake with minimal disruption and a severe earthquake with manageable disruptions. GVRD standardized the seismic criteria to which all new and remedial works are to be designed. The Seismic Design Criteria have been established based on the District's post disaster operating objectives and review of the public safety consequences of failure for each facility.
The seismic design criteria are provided as a guide for the designer and are to be considered as desired levels of seismic resistance rather than absolute minimum requirements. When designing new facilities or upgrading existing facilities, the cost of meeting the seismic design criteria must be weighed against the importance of the facility for system operation (i.e. redundancy in the system), and any life safety issues associated with damage to the facility. The table below presents the facility class and the expected performance levels for the NBCC and MCE levels of earthquake. 
FACILITY

NBCC
The National Building Code of Canada provides an Earthquake spectrum, which can be used for analytical modeling.
MCE
The "Maximum Credible Earthquake" is site specific. The MCE design level is only appropriate for those facilities that present a high hazard to properties and life.
Level 1
Facility is critical to system operations, has little or no redundancy, and may result in substantially reduced service for an extended period (months) if failure occurs. This level includes pipelines for marine crossings.
Level 2
Facility is important to the system operations, however some level of redundancy exists, service will only be marginally impacted for a limited period (days to weeks) if failure occurs. 
IO
Surface Pipe Selection
From evaluation of the items identified to be significant to the GVRD's needs, steel pipe meeting the requirements of AWWA C200 standard was chosen as the preferred pipe for this project. While all the considerations listed were assessed, the primary reasons for the GVRD to choose steel pipe were as follows: -pipe diameter (2.7 m to 3.0 m) -seismic performance -long term service history for potable steel watermains in GVRD system -design consultant and GVRD engineering/operation experience related to steel pipe
Tunnel Steel Linings Selections
The hydraulic grade line for both the raw and treated water tunnels is higher than the elevation of the surface topography at both ends of the tunnel alignment. These therefore represent sections of the twin tunnels where leakage may occur. Excessive leakage of both raw and treated water is undesirable and, in addition, such leakage could pressurize the overburden above the tunnels with various undesirable effects. The commonly adopted solution in pressure tunnel design for the prevention of leakage is the installation of steel linings. Reinforced concrete and membrane type lining solutions were reviewed and considered but were not determined as a preferred lining for these small diameter tunnels based on considerations noted above.
The design length of steel linings at both ends of the tunnel alignment has been based on consideration of preventing hydraulic jacking and preventing cross flow between the tunnels at their terminus. Since the hydro-jacking testing results indicated stress levels equivalent to the overburden, the concern was primarily of reducing small expected leakage during operations to control the pore water pressure and insure the surface slope stability.
Design of the steel liner closely followed ASCE 79 wherever possible. Liners in the shafts and tunnels were sized for the governing condition of a future dewatering event, i.e. external pressure on an empty pipeline, which primarily drove liner thickness. Although internal pressure did not specifically factor into thickness selection, hoop stresses for a design internal pressure of static head plus surge were checked to ensure values were within the allowable limits prescribed in ASCE 79.
Allowable hoop stresses were evaluated using criteria found in ASCE 79 and AWWA M11, with ASCE 79 being the more stringent of the two codes. The shaft and tunnel steel liner will be 3 m diameter with the pipe wall thickness between 12 mm and 34 mm.
a) Seymour Section
The maximum differential outward pressure at the Seymour (eastern) end of the tunnel alignment is about 70 m of water. Lining is therefore required along this section to prevent leakage and impacts to any existing surface structures/slopes. The length of steel lining required at the Seymour end of the alignment is approximately 600 m. This has been based on extending the steel lining beneath Lynn Canyon, where a major fault/shear is inferred to be present, to beyond the crest of a natural overburden slope along which residential housing is located. The steel lining along this section of the tunnel alignment has been designed for full hydrostatic loading of about 150 m of water upon dewatering of the tunnels.
b) Capilano Section
The maximum differential outward pressure at the Capilano (western) end of the tunnel alignment is about 60 m of water and therefore lining is also required along this section, both to prevent leakage and to prevent any possible effects on the east abutment of the Cleveland Dam. At the Capilano end of the tunnel alignment the length of steel linings required is approximately 1200 m. This has been based on extending the steel linings eastwards to the location where the hydraulic grade line intersects the groundwater table, beyond which leakage is theoretically impossible. A key requirement is that the tunnels must have no effect on the groundwater pressures in the east abutment of the Cleveland Dam. This length of steel lining extends eastwards across a major inferred fault/shear zone associated with Capilano buried glacial valley. The length and cost of the installation of steel lining at the Capilano end of the tunnel alignment is significant to the Twin Tunnels Project. The steel lining along this section of the tunnel alignment has been designed for full hydrostatic loading of about 305 m of groundwater upon dewatering of the tunnels.
c) Middle Sections
The underground water table in the middle section is higher than the operating tunnel hydraulic grade line, the small leakage is not a concern and the tunnel liner is not required for this purpose.
